Abstract. Natural frequencies are calculated for a short cylindrical shell based on semi-analytical method of transfer matrix, especially considering the structural effects of sealing teeth. The thin wall shell with some sealing teeth can be divided into finite segments where the diameters are different. According to the theory of the state vector expression of a structure cross-section, a first-order ordinary differential equation referring to state vectors of continuous segment sections of a short cylindrical shell is established based on governing equations of thin cylindrical shell. Then a total transfer matrix of the shell with sealing teeth is obtained after producing all the transfer matrices of all the segments. The boundary conditions investigated in the study are free-free, free-clamped and clamped-clamped of the two ends of the shell. The natural frequencies can be solved by precise integration of the differential equation of the whole shell with divided segments. The obtained numerical examples show that the sealing teeth have influence on the frequency values of higher circumferential modes, and they also have influence on the natural frequencies in different boundary conditions. The results by the proposed method are also compared with those of finite element method.
Introduction
Short cylindrical shells are widely used in gas turbine, aircraft engine and other rotary machinery. The natural characteristics of short cylindrical shells with variable thickness are of great importance. Some researchers have investigated the effects of wall thickness on the natural frequencies of the whole structure. Zong F etal proposed a state space based method for axis-symmetrical bending problem of cylindrical shells with variable thicknesses [1] . Li X gave a method based on energy function for free vibration analysis of ring-stiffened cylindrical shells [2] . Xiang Y gave an exact solution of based on transfer matrix for free vibration of stepped shells [3] . Sun B etal investigated the dynamics of a cylindrical shell with variable thickness based on the spline finite-point method [4] .
Considering the research results of cylindrical shells with variable thickness, in the present study, based on the general linear elastic theory of shell, the transfer matrix method is used to analyze the natural characteristic of a short cylindrical shell with sealing teeth.
Governing equations of a short cylindrical shell
A schematic of a short cylindrical shell with sealing teeth is shown in Fig. 1 , which is composed of n 0 segments along the axial direction. For every segment, a cylindrical coordinate system is attached on it with x-,θ -, z-directions, having the origin O at the centre of one end of the shell. The displacements of points of the middle surface of the shell are denoted by u, v and w, in the axial, circumferential and radial directions, respectively. w is taken positive outwards. i L , i R and i H are the length, middle-surface radius and wall thickness, and i ξ are the section in every segment. According to Love theory of a short cylindrical shell [5, 6] , the equilibrium differential equations of a cylindrical shell segment, where the footnote i are all ignored for the shell segment, are as follows . 
.
where, E is the Young's modulus, and µ is the Poisson's ratio.
Based on the Love theory and considering the equivalent Kirchhoff plane shear force x V and transverse shear force x S are expressed as 1 , .
The straight normal rotational angle to the middle plane can be expressed as 1 ,
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The solutions to Eq. (1) The assumed expressions of the displacements in every segment can be expressed by [6] as follows
where, ω is the natural frequency.
A state vector of the cross section of a shell segment is defined as ( ) [ , , , , , , , ] 
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The total transfer matrix of the shell with sealing teeth For the short cylindrical shell with sealing teeth, just as shown in Fig. 1 , it can be divided into 0 n segments based on the locations of sealing teeth. The total transfer matrix from one end to the other can be obtained as follows 
where, ( ) exp( )
, for segment i. For a segment with uniform thickness, in order to calculate precisely, it can also be divided into N sub-segments of length 1 L [7] . Its transfer matrix relationship is defined as
where, ( ) k G L is the transfer matrix of the sub-segment, ( ) exp( )
Since the exponent matrix exp( ) k k U L is difficult to solve, a precise integration method is often used to solve it [8] .
In this study, the following boundary conditions are considered. The clamped and free boundary conditions are denoted as C and F, respectively. 
Numerical resu1ts
The natural frequencies of a short cylindrical shell with two sealing teeth shown in Fig. 1 in different boundary conditions are calculated as follows. It has 5 segments and 6 cross-sections. The geometric and material parameters of each segment are given in Table 1 .
The obtained natural frequencies of the short cylindrical shell with 2 sealing teeth in free-clamped, free-free and clamped-clamped boundary conditions are listed in Table. 2, where the axial mode n=1 only. In addition, the results are compared with those of finite element method (FEM), i.e. ANSYS is used based on the element type Solid45. , , R R R 274mm 2 4 , R R 278mm
, , H H H 3mm 2 4 , H H 11mm As shown in Table 2 , the natural frequencies of the shell with two sealing teeth and without sealing teeth in three boundary conditions are calculated with transfer matrix method. The obtained natural frequency values of the shell with sealing teeth are different from those of the shell without sealing teeth. For the boundary conditions of F-C and C-C, the differences between them (here only the numbers of circumferential waves m=1-6 considered) are less than 5%. But, in the boundary condition F-F, the calculated natural frequency differences between the two shells (with or without sealing teeth) are much great up to 26%.
In addition, the obtained natural frequency results of transfer matrix method are compared with those of FEM in the three different boundary conditions. They are nearly the same in boundary conditions of F-C and C-C. For the shell with and without sealing teeth in boundary condition F-F, the differences between semi-analytical results and those of FEM are bigger.
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Conclusions
The natural characteristics of a short cylindrical shell with sealing teeth are analyzed based on thin shell theory and achieved with transfer matrix method for different wall thicknesses.
The transfer matrix method is suitable to calculate the natural frequencies of the shell with sealing teeth, and its results are comparatively consistent with those of FEM.
For the short cylindrical shell with two sealing teeth, the biggest difference of the natural frequencies based on transfer matrix method is 4.43% compared with that of the shell without sealing teeth, which is the mode of circumferential wave m=6 in free-clamped boundary condition. The biggest difference in clamped-camped boundary condition is -2.35% for mode of m=3. The results from the two methods are not well consistent for the case of the free-free condition, where the differences of calculated natural frequencies reach 26%. The influence of the sealing teeth is obvious on the natural frequencies of a short cylindrical shell.
